A three-storey aluminium space frame is modelled using beam elements with unrepresentative rigid joints. Five model-updating experiments are carried out using di!erent sets of updating parameters. All of them are shown to produce improved predictions, even for modi"ed con"gurations of the frame. The set of parameters that on average produces the best results is also considered to provide a physical improvement to the modelling of the joints.
INTRODUCTION
An important aspect of "nite element model updating [1, 2] is the choice of updating parameters. As a general rule, sensitive parameters should be chosen to converge the model predictions upon physical test results by a small parameter adjustment. However, the adjustment of the most sensitive parameters cannot always be justi"ed by engineering understanding of the structure and the test carried out on it. Thus, uncertainty in the model should be located and parameterised sensitively to the predictions. Subspace selection methods [3, 4] may be applied to choose sensitive parameters and minimise the updating residual. In many cases, such as joints, the location of the uncertainty is not in dispute but there are many ways to parameterise joints [5, 6] some of which are sensitive and others insensitive.
Finite element model updating can generally be expressed as an ill-conditioned system of over-determined equations in the updating parameters. Regularisation by a minimumnorm constraint can often be applied e!ectively on a trial and error basis. More complicated side-constraints that embody some physical understanding not represented in the "nite element model have been applied using formalised regularisation techniques [7] . Apart from the regularisation parameter, weights may be applied to the two systems of equations. In the Bayesian approach [8] the weights are related to the inverse covariances of the measurements and parameters, but the statistical data needed are not available. The authors' preferred approach is to use the weights to reinforce engineering understanding by stimulating convergence and preventing drift in the updated parameters. This can result in dissimilar weights being applied to parameters and measurements that seem to be equally uncertain. We remarked previously however that the sensitivity of the predictions to di!erent parameters can show large di!erences. Only if the updating equations are linear in the parameters, such as in the substructure parameters method [9] , can normalisation of the parameters be carried out. Otherwise, it is the usual practice to non-dimensionalise the change in each parameter by dividing by its initial value. So, generally the parameters are adjusted by amounts that may di!er by orders of magnitude. Consequently, to achieve a uniform convergence to many measurements and similar parameter adjustments one would expect to apply an irregular system of weights. The weights should be regarded as legitimate control parameters with which to in#uence the result in the direction of engineering understanding.
In this article, many candidate parameters are considered for updating the "nite element model of a three-storey aluminium space frame. It is demonstrated that several di!erent combinations of parameters can lead to acceptable convergence of the results. Amongst the chosen parameter sets there is one that provides a reasonable explanation of the initial deviation between the measurements and the "nite element predictions. Convergence is achieved with acceptable adjustment of the parameters and higher damping in one mode is explained. The space frame is then recon"gured, both physically and in the updated model and good agreement is obtained.
THE ALUMINIUM SPACE FRAME
The three-storey aluminium frame was built using the Meroform M12 construction system consisting of 22 mm aluminium tubes connected by standard Meroform aluminium nodes. The complete structure is shown in Fig. 1 with electromagnetic shakers located at the "rst-#oor level. The Meroform components are shown in more detail in Fig. 2 . Each tube is "tted with a screwed end connector which when tightened into the node also clamps the tube by means of an internal compression "tting.
The length of all the horizontal and vertical tube-members between the centre of the joints is 707 mm. Two opposing vertical sides of the frame are sti!ened by diagonal spars which cross in the centre of each storey when viewed from one side. This has the e!ect of separating the bending modes into two families in the x and y directions. It should be remarked that in both directions bending occurs independently of any twisting deformations. The twisting modes occur in two families too. These are characterised by shearing of the unstiffened/sti!ened sides when viewed from above for the family with the lower/higher frequencies, respectively. The nodes at the base of the frame were clamped to a heavy steel table.
MODAL TESTING
The &wire-frame' model illustrated in Fig. 3 shows the measurement points to be at each of the Meroform nodes. In an initial experiment the structure was excited by two electromagnetic shakers supplied with independent sequences of random noise at nodes 3 and 18 in a direction making an angle of 453 with the x-and y-axis as shown in Fig. 1 . The vibration response was measured using 16 data collection channels from accelerometers on the structure. Measurements taken at nodes 2, 7, 12 and 17 showed negligibly small levels of vibration at the base. In a subsequent test hammer excitation was applied at the top of the frame (at node 20) at 453 in the plane x}y. Natural frequencies and mode shapes were extracted from the measured frequency response functions by using a time-domain multi-degree-of-freedom curve-"tting procedure from the LMS CADA-X system. The measured natural frequencies are given in Table 1 and examples of the mode shapes are illustrated in Fig. 4 .
The shaker test showed a mode at 3.81 Hz which was attributed to &nodding' of the shaker (and reaction mass) on the stinger, and was not present in the hammer-test results. The CADA-X system uses a stability plot [10] to determine the system poles, and in the shaker test a mode was indicated at 51.4 Hz without a de"nite sharp peak appearing in the frequency response curves. It was in fact the "rst bending mode in the x-direction. The hammer test revealed a clear peak at 51.2 Hz which was more heavily damped than the other modes. Frequency response plots obtained from the two tests are given in Figs. 5 and 6.
FINITE ELEMENT MODEL
A "nite element model was assembled from 140 cubic Euler}Bernoulli beams. Four beam elements were used to model each tube over the complete length between two Meroform nodes and four further beam-elements were added to represent the "xing of the frame to the table. The model consisted of a total of 708 degrees-of-freedom. At the ends of the tubes there are sti! connectors which screw into the nodes, and these together with the nodes themselves were considered to be perfectly rigid. The element sti!ness matrix for a beam in bending in the x}y plane, having a #exible length l separated by a rigid portion of length a from the "rst node can be written as
and the corresponding element mass matrix is m" Al 420 The natural frequencies determined from the model are given in Table 2 , together with the results of the hammer test, and a selection of the computed mode shapes are shown in Fig. 7 . The greatest discrepancy between the measured and predicted natural frequencies is around 15% and occurs at the "rst bending mode in the x-direction and the "rst bending mode in the y-direction. The errors in the predicted natural frequencies are all positive which is consistent with the assumption of an over-sti! model caused by the rigid joints. The diagonal MAC terms were all better than 96% with very small o!-diagonal terms.
In an attempt to reconcile the two sets of natural frequencies (before carrying out model updating) the shaker}stinger systems were each modelled with two beam elements and lumped masses and inertias. This resulted in the appearance of an additional natural frequency at 3.97 Hz corresponding to the measured value of 3.81 Hz from the shaker test. Otherwise the natural frequencies were unchanged. This (together with the results from the hammer test) con"rmed that the stinger was providing bending isolation across the frequency range of the test. The "nite element model is seen to be consistently sti!er than the physical structure and this was attributed to the rigid joints in the "nite element model which fail to represent the #exibility of the beam-end connectors and the Meroform nodes.
PARAMETERS FOR MODEL UPDATING
It is possible to imagine many di!erent parameterisations for updating the "nite element model of the aluminium space frame. Perhaps the simplest approach is to parameterise substructure mass and sti!ness matrices with a scalar multiplier as was advocated by Natke [9] . Although this method can be applied to a known erroneous substructure, it is unlikely to produce an updated model that is improved physically because it is unable to separate the error, that might for instance be present in a dimension across a structural member, from a multiplier that a!ects every term in the substructure sti!ness (or mass) matrix. In a previous study Mottershead and James [11] updated the aluminium space frame using two updating parameters, the mass of the beam-end connector (denoted m J ) and the "rst bending eigenvalue of the element sti!ness matrix immediately next to a joint. Whilst the study [11] resulted in good convergence of the "nite element prediction on measured natural frequencies there remained serious doubts about the physical validity of the updated model. This was because the di!erent elements of the space frame (the tubular spars, the Meroform nodes, and the beam-end connectors) had all been weighed, and the parameter m J was considered to be well de"ned. In addition, it was found subsequently that the outside diameter of the tubes had been incorrectly speci"ed at 20 mm.
Gladwell and Ahmadian [12] and Ahmadian et al. [13] showed how an element sti!ness matrix can be adjusted by modi"cations to its eigenvalues and eigenvectors. In the case of a 12-degree-of-freedom beam/bar/torsion element with free ends there will be two bending eigenvalues in each of the two principal directions, an eigenvalue for extension/compression, a torsional eigenvalue and six rigid-body eigenvalues. The eigenvalue decomposition of a modi"ed sti!ness matrix can be expressed as where
and the modes of the original sti!ness, , are related to the modi"ed modes, , by " S so that S2"S !1 when the columns of (and separately the columns of ) are orthogonal.
, contains the non-zero eigenvalues of the original sti!ness matrix and "+ , 2 , LQ ,, where n Q denotes the number of strain modes. The most general approach is to take all the elements of as updating parameters in which case both the eigenvalues and eigenvectors of the sti!ness matrix will be adjusted. By imposing the constraint S"I it is possible to adjust the eigenvalues without making any changes to the original eigenvectors. Mottershead and James [11] updated the "rst bending eigenvalue, q@ , of the part-rigid/part-#exible element used to model the tubular spars next to the joint. The resulting sti!ness adjustment occurs entirely in the #exible part of the element and not in the Meroform node and end-connector which contain an unmodelled #exibility which is thought to be responsible for the discrepancy between the measurements and "nite element predictions.
Mottershead et al. [5] updated two welded joints by using o!set parameters. In the particular case of the aluminium frame structure the o!set is represented by the term denoted &a' in equations (1) and (2) . Of course, the sti!ness matrices responsible for bending in the x}z plane, extension/compression and torsion (not given in this article) all have a similar rigid portion, a, at a joint-end. It is conceivable that there should be a di!erent o!set in extension, a , to bending in the plane x}y, a VW . If the distance between the Meroform nodes is to remain unchanged then a reduction to the rigid length, a, must be accompanied by equal extension to the #exible length, l. In addition to the mass, element eigenvalue/eigenvector and o!set parameters, the wall thickness of the tube, t, was included as a global updating parameter. Although it is not possible to measure the wall thickness without damaging one of the spars it was considered reasonable that a small variation in t (from its nominal 1 mm value) might be expected.
SENSITIVITY ANALYSIS
In this study the "nite element model is updated by using eigenvalue sensitivities determined according to where
is a substructure parameter [9] the derivatives *K/* H and *M/* H are identically the substructure sti!ness and mass matrices. For a sti!nesseigenvalue parameter,
The derivative of K with respect to the o!set parameter, a, was calculated approximately using the formula
The eigenvalue sensitivities to many di!erent parameters are given in Table 3 . The parameters are normalised in the form ( / M ) and in that case the sensitivities become ((* /* ) M ). The "rst three parameters, 4 & and " , are scalar multipliers applied to those vertical, horizontal and diagonal elements, respectively, having one end at a Meroform node. Parameter m E represents the mass of such a node. The "rst 10 eigenvalues, , 2 , , are all less sensitive to m E than to m J . The parameters qR and q are the torsional and extension/compression element sti!ness eigenvalues and are identical to and , respectively. The torsional sensitivities are insigni"cant until the ninth eigenvalue is reached. However, the seventh and eighth modes are seen to be very sensitive to extension and compression. The two modes denoted by and are both dominated by in-plane bending of the two sti!ened sides of the frame as shown in Figs. 4(c) and 4(d) .
Almost all the modes, but especially and , are strongly sensitive to the wall thickness t. Of course, when t is adjusted all the elements are changed and not just those at the joints (as with the other parameters). Therefore, it is expected that the eigenvalues will be sensitive to t. The in#uence of the o!set parameter a is about as strong as t, but when the extension/ compression o!set a is separated from the bending and torsion it becomes clear that the sensitivity * /*a is dominated by * /*a . The eighth mode is also very sensitive to a . This result is not unexpected because we already observed the strong sensitivity of and to q (" ). However a seems to be a better parameter than q because it represents an adjustment at the joint (the rigid part of the element) whereas q is a spring constant for the #exible part. The eigenvalues and are the "rst x-direction bending and shear modes and there is no signi"cant x-bending in any of the other modes. Thus, when a is separated into the two bending planes z}x and z}y it is seen that and are sensitive to a XV and the other modes are all insensitive. Conversely, and are insensitive and the other modes are sensitive to a XW .
MODEL UPDATING EXPERIMENTS
Five separate model updating experiments were carried out using di!erent parameters as follows: (1) m J and q@ as in the previous article [11] , (2) 4 , & and " substructure multipliers, (3) all elements , , 2 , of the generic element matrix , (4) t and a, and t and a XV in two stages, and (5) t, a and a . The "nite element model was updated by minimisation of an objective function having the form where is a vector of small changes in structural eigenvalues, S is the matrix of eigenvalue sensitivities, ( ! ) is the vector of parameter deviations from the initial values necessary to eliminate the discrepancy , and is the incremental parameter change. W H and W F are positive-de"nite weighting matrices and the terms in these matrices must be selected on the basis of engineering understanding to produce acceptable parameters . Generally, large terms in W H will tend to stimulate convergence whilst large terms in W F have the e!ect of restraining the parameters to a small deviation from the initial "nite element model.
In the "ve experiments, the eigenvalue weights were mostly set as W H "diag(500, 500, 20, 10, 8, 5, 4, 7, 1.2, 1)
so that the eigenvalues with lower numerical values were given high weights to compensate for the strong e!ect the higher eigenvalues would have on the results by virtue of the large numbers associated with them. The seventh and eighth-eigenvalues were consistently reluctant to converge and was given a weighting slightly larger than the general trend of numbers in W H . The converged natural frequencies (after eight updating iterations) are shown in Table 4 . Similar convergence is obtained from all "ve experiments, though experiments (3) and (5) appear to be slightly better than the others, and the greatest discrepancy in every case but one occurs in the seventh natural frequency. This is the same mode that had been di$cult to excite in the modal tests.
The parameter weights in experiment (1) were
This combination of weights results in the updated parameters shown (in non-dimensional form) in Table 5 , and their convergence at each of the eight iterations is shown in Fig. 8 .
In experiment (2) equal weights were applied to the three substructure parameters 4 , & and "
. Thus
The updated parameters are given in Table 6 and a convergence graph is shown in Fig. 9 . When using the fully populated generic element matrix, , the parameter weights in experiment (3) were set according to
This arrangement would allow the o!-diagonal terms of to deviate quite freely from their original zero values. However, the o!-diagonals remained small and the updated diagonal terms are given in Table 7 . The convergence plot is shown in Fig. 10 . The parameters that changed most were ("qR) and ("q@ ). The updating was carried out in two steps in experiment (4). Firstly, eight iterations were completed to adjust the parameters t and a and in the second step eight further iterations were done to update t and a XV . The purpose of the second step can be seen from Table 3 to be the convergence of the seventh and eighth modes which had failed to converge at the end of the "rst step. In the second step the eigenvalue weights were changed to w H "40, w H "40. The parameter weights were, w R "5;10\, w ? "1;10\ in step 2. This has the e!ect of restraining the modi"cation to t in the second part of the experiment. The updated parameters are shown in Table 8 and Figs. 11 and 12.
In experiment (5) the updating parameters were t, a and a where in this case a represents all o!sets except the extensional one. The weights were w R "1;10\, w ? "5;10\, w ? "1;10\ Figure 9 . Parameter convergence plot (2). } } verticals; ** horizontals; } ) } ) } diagonals. The updated parameters are given in Table 9 and their convergence is shown in Fig. 13 .
DISCUSSION
The results shown in Table 4 indicate that good convergence of predictions on measured natural frequencies can be achieved using many di!erent systems of updating parameters. The seventh mode had been the most di$cult to excite in modal tests and was consistently the less well converged after eight updating iterations. This mode and the eighth, which required a larger weight to bring about convergence, are both characterised by in-plane bending of the two sti!ened sides of the frame. This is likely to cause extension/compression in the diagonal spars. Evidence of this can be found in Table 3 where both and are found to be strongly sensitive to " and a . Of course, the presence of the diagonal spars will also give rise to signi"cant extension/compression in the vertical and horizontal members, but in modes 1}6 there is very little sensitivity to the diagonals. Figure 10 . Parameter convergence plot (3). ** 1st; ᭺ 2nd; ; 3rd; } ) } ) } 4th; } } 5th; ) ) ) ) ) 6th. Experiment (1) results in a 38% increase in the mass of the beam-end connector which seems unrealistic as the masses of the components are well de"ned. However, the major adjustment occurs at the joints where the modelling error is considered to be located.
In Experiment (2) the substructure multipliers 4 , & and " are modi"ed by di!erent amounts. Since the vertical, horizontal and diagonal elements are (nominally) identical there seems to be no physical reason which can be used to explain the di!erent adjustments.
Adjusting the terms in the generic element matrix, , results in experiment (3) in a signi"cant modi"cation to the term 66 most associated with extension/compression and the "rst bending eigenvalues in the two principal directions and . The o!-diagonal terms take small values after updating which have the e!ect of modifying the eigenvectors of the element sti!ness matrices at the joints. This means that the separation of the element into distinctly rigid and #exible parts does not apply in the updated model.
In experiment (4) the o!set a XV in the z}x plane of bending is reduced to a much greater extent than the other bending o!sets. Whilst this can bring about a convergence of the predicted natural frequencies a modi"cation of this kind cannot be explained physically because the spars should clearly have the same bending sti!ness in all directions. In experiment (5) the extensional o!set a is separated from the bending and torsional o!sets and both are updated together with the wall-thickness t. The results appear to be reasonably acceptable on physical grounds. Only slightly di!erent results can be produced by using a di!erent system of weights. In addition, the high damping shown in Table 1 for mode 7 might be due to friction (micro-slip) in the compression "tting that clamps the tube to its end-connector when the joints are tightened. It is noticeable from Table 1 that mode eight (which also shows in-plane bending of the sti!ened sides of the frame and sensitivity to extension/compression) has a high damping level too, though not as high as mode seven.
DIFFERENT CONFIGURATIONS
The frame was physically re-constructed in two di!erent con"gurations to test the quality of the updated models produced from the "ve experiments. The second and third
TABLE 11
Natural frequencies and errors (%) using the updated parameters for the second con,guration FE model con"gurations di!er from the original arrangement of the frame as follows: In the second con"guration the direction of the diagonals between nodes 5 and 9, 4 and 8, and 3 and 7 were changed to 4 and 10, 3 and 9, and 2 and 8. Then, when looking on one side, all the diagonals are aligned in the same direction. In the third con"guration, additional diagonal spars were introduced between nodes 4 and 14, and 8 and 18 at the "rst and second #oor levels. The side-diagonals were returned to their original positions. The experimental natural frequencies for the second con"guration are compared to predictions from unmodi"ed (not updated) "nite elements in Table 10 . The results obtained when using elements that had been updated in the previous "ve experiments are shown in Table 11 . Signi"cant improvements are obtained in all cases. The updated elements produced by experiment (5) reduced an error of 21% in the "rst mode to 8%.
For the third con"guration the experimental and unmodi"ed "nite element results are shown in Table 12 , and the results obtained by using elements updated by the "ve experiments are given in Table 13 . In this con"guration, two close modes at 55.93 and 57.4 Hz were found from the "nite element analysis but only one of them could be found in the modal test. All "ve models built from updated elements give signi"cantly improved results over the unmodi"ed "nite element model. The model that uses elements updated from experiment (5) gives excellent results that are even better than those obtained for the original con"guration. 6 . CONCLUSIONS The convergence of "nite element predictions on measured natural frequencies can be obtained by many di!erent sets of updating parameters. The "nite elements produced by di!erent updating parameterisations can be assembled into models that represent a change in the con"guration of the structure under test, and even then may show a marked improvement in the predictions.
Not all the parameter sets (that result in improved predictions) can be justi"ed physically. In the case of the aluminium frame structure considerable understanding was achieved by carrying out the "ve updating experiments. In particular, it became clear that the seventh and eighth modes (in the original con"guration) were strongly a!ected by extension and compression in the Meroform joints. The updating parameters used in experiment (5) are considered to provide a physical improvement over the original (unmodi"ed) "nite element model. The high level of damping in the seventh mode might be due to micro-slip in the compression "tting that clamps the tube to its end-connector when the joints are tightened.
TABLE 13
Natural frequencies and errors (%) using the updated parameters for the third con,guration FE model
